A BSTR ACT NAD(P)H:quinone oxidoreductase 1 (NQO1) is a two-electron reductase that detoxifies quinones derived from the oxidation of phenolic metabolites of benzene. A polymorphism in NQO1, a C609T substitution, has been identified, and individuals homozygous for this change (T͞T) have no detectable NQO1. Exposed workers with a T͞T genotype have an increased risk of benzene hematotoxicity. This finding suggests NQO1 is protective against benzene toxicity, which is difficult to reconcile with the lack of detectable NQO1 in human bone marrow. The human promyeloblastic cell line, KG-1a, was used to investigate the ability of the benzene metabolite hydroquinone (HQ) to induce NQO1. A concentration-dependent induction of NQO1 protein and activity was observed in KG-1a cells cultured with HQ. Multiple detoxification systems, including NQO1 and glutathione protect against benzene metabolite-induced toxicity. Indeed, exposure to a noncytotoxic concentration of HQ induced both NQO1 and soluble thiols and protected against HQ-induced apoptosis. NQO1 protein and activity increased in wild-type human bone marrow cells (C͞C) exposed to HQ, whereas no NQO1 was induced by HQ in bone marrow cells with the T͞T genotype. Intermediate induction of NQO1 by HQ was observed in heterozygous bone marrow cells (C͞T). NQO1 also was induced by HQ in wild-type (C͞C) human bone marrow CD34 ؉ progenitor cells. Our data suggest that failure to induce functional NQO1 may contribute to the increased risk of benzene poisoning in individuals homozygous for the NQO1 C609T substitution (T͞T).
Exposure to benzene produces hematotoxicities, including pancytopenia, aplastic anemia, myelodysplasia, and acute myeloid leukemia (1, 2) . Humans are exposed to benzene via occupational exposure or environmentally via contact with cigarette smoke, gasoline emissions, or products of incomplete combustion (3) . Once absorbed, benzene is metabolized by CYP 2E1 to yield phenol, hydroquinone (HQ), catechol (CAT), and 1,2,4-benzenetriol (4). These metabolites accumulate in the bone marrow (5) where they undergo autoxidation (6) or activation by peroxidases (7, 8) to yield the corresponding quinones, which are believed to be among the ultimate toxic metabolites of benzene (9) . NAD(P)H:quinone oxidoreductase (NQO1) detoxifies benzene-derived quinones via two-electron reduction, preventing redox cycling (10) and covalent modification of cellular components (11, 12) .
Within the bone marrow both hematopoietic progenitor cells (13, 14) and bone marrow stromal cells (15, 16) are potential targets of benzene toxicity. Evidence suggests that toxicity in the progenitor compartment is involved in the development of the hematopoietic disorders associated with benzene exposure (17) (18) (19) (20) . HQ induces apoptosis in human promyelocytic leukemia and primary bone marrow progenitor cells (21, 22) . The susceptibility of these cells to benzene metabolite-induced toxicity has been attributed in part to their high expression of myeloperoxidase (23, 24) and lack of detectable expression of NQO1 (25) (26) (27) . The soluble thiol glutathione (GSH) also affects the susceptibility of hematopoietic cells to benzene metabolites. The importance of GSH and NQO1 in the protection of rat and murine bone marrow stromal cells against HQ has been demonstrated (26, 28, 29) , and Li et al. (30) showed that GSH may be more important than NQO1 for protection against HQ in two human hematopoietic cell lines.
Myriad xenobiotics, including the benzene metabolites HQ, CAT, and benzoquinone (BQ) (31, 32) , have been shown to induce NQO1 (33) (34) (35) (36) . Recently, a polymorphism in NQO1 has been characterized (37) (38) (39) . This polymorphism is a C-to-T substitution at position 609 of NQO1 cDNA, which codes for a proline-to-serine change at residue 187. In cells with a T͞T genotype NQO1 activity was not detected, and lack of activity corresponded to a lack of NQO1 protein (37, 40) . The prevalence of the T͞T genotype varies among ethnic groups (4-20%), with the highest prevalence occurring in Asian populations (38) . A recent case-control study of benzeneexposed workers in China revealed increased risk of hematotoxicity in individuals with the T͞T NQO1 genotype (41) , suggesting that NQO1 protects against benzene toxicity.
In this paper we present data describing a potential mechanism underlying NQO1-mediated protection against benzene-derived quinones in human bone marrow. A protective role for NQO1 against benzene-derived quinones in bone marrow in situ is difficult to reconcile with our observation that freshly isolated bone marrow mononuclear and progenitor cells fail to express NQO1. We propose that exposure to benzene metabolites induces NQO1 in human bone marrow, which represents one of the protective mechanisms against quinone-induced damage. NQO1 is not induced in individuals carrying the T͞T genotype, which may contribute to the increased susceptibility of such individuals to benzene hematotoxicity.
better. trans, trans-Muconaldehyde (MUC) was synthesized as described (42) . Cell culture media and supplements were obtained from GIBCO͞BRL.
KG-1a Cell Culture. KG-1a human promyeloblastic leukemia cells (American Type Culture Collection) were cultured in Iscove's modified Dulbecco's medium supplemented with 20% FBS (Summit Biotechnology, Ft. Collins, CO), 20 units͞ml penicillin, 20 g͞ml streptomycin, 58.4 g͞ml L-glutamine, and 20 M sodium citrate under a humidified atmosphere (5% CO 2 ͞air) at 37°C. KG-1a cells were treated (0.5 ϫ 10 6 cells͞ml) with HQ or CAT for 24 h. Cells were collected, washed with PBS, resuspended in ice-cold buffer (25 mM Tris⅐HCl, 125 mM sucrose, 1 M FAD, pH 7.4), and sonicated on ice for 5 sec. The protein content of sonicates was determined by the method of Lowry et al. (43) .
Spectrophotometric Determination of Soluble Thiols. Soluble thiols were measured spectrophometrically after reaction with 5,5Ј dithio-bis{2-nitrobenzoic acid} (DTNB, Ellman's reagent, Sigma) as modified from the method of Sedlak and Lindsay (44) . Briefly, cells were collected and lysed in ddH 2 O, and protein was determined by Lowry (43) . Protein was precipitated with 5% trichloroacetic acid. After the addition of 2.0 ml of 0.4 M Tris⅐HCl, pH 8.9 to 1.0 ml of acid-precipitated lysate, 0.1 ml of DTNB (3.96 mg͞ml methanol) was added to each sample. Samples were measured spectrophotometrically at 412 nm 5 min after addition of DTNB.
KG-1a Apoptosis and Protection. KG-1a cells were pretreated in fresh media (0.5 ϫ 10 6 cells͞ml) with 10 M HQ or vehicle control (PBS) for 24 h. After pretreatment, KG-1a cells were counted, resuspended in fresh media (0.5 ϫ 10 6 cells͞ml), and treated with HQ, etoposide, MUC, staurosporine, or DMSO (vehicle control) for 12 h. The percentage of apoptotic cells was determined according to morphological criteria as described (21) .
Field Inversion Gel Electrophoresis. Cells were collected, embedded in 1% agarose plugs, and incubated at 55°C in NDS buffer (0.5 M EDTA͞10 mM Tris⅐HCl͞1% lauroylsarcosine, pH 9.5) containing 1 mg͞ml protease for 24-48 h. Plugs were rinsed in TE8 loaded into a 1% agarose gel, and field inversion electrophoresis was performed for 8 h at 200 V, 14°C with a forward field linear time gradient of 2.4-24 sec and a reverse field linear time gradient of 0.8-8 sec.
Bone Marrow Culture. Human bone marrow was aspirated from healthy adult volunteers with informed consent according to University of Colorado Health Sciences Center Institutional Review Board-approved procedures. The mononuclear fraction of bone marrow aspirates was obtained by Ficoll (Histopaque 1077) purification, washed with PBS ϩ 1% BSA, and cultured (875,000 cells͞ml) in RPMI medium 1640 supplemented with 20% FBS, 20 units͞ml of penicillin, 20 g͞ml streptomycin, 58.4 g͞ml L-glutamine, and 20 M sodium citrate. Approximately 20 ϫ 10 6 freshly purified bone marrow cells were collected from each bone marrow aspirate to serve as a control for culture conditions. Cells were treated with HQ or CAT immediately after suspension in culture media. Cells were collected 24 h after treatment, and sonicates were prepared as described above. Attached cells were not included in analyses.
CD34 ؉ Cells. CD34 ϩ cells were isolated by using the VarioMacs separation system as directed by the manufacturer (Miltenyi Biotec, Auburn, CA) as described (21) . Immediately after isolation, the percentage of cells expressing CD34 was determined by flow cytometry. Cells used in these studies were 88%, 89%, and 97% CD34 ϩ . Isolated CD34 after treatment, and sonicates were prepared as described above and concentrated with 3-kDa microconcentrator filters (Amicon, Austin, TX). Attached cells were not included in analyses.
NQO1 Activity. NQO1 activity of cell sonicates was assayed according to Ernster (45) as modified by Benson et al. (33) as described (37) . NQO1-specific activity was calculated based on the dicoumarol-sensitive reduction of 2,6-dichlorophenolindophenol as monitored spectrophotometrically at 600 nm.
NQO1 Immunoblot Analysis. Cell sonicate containing 50 g (5 g for CD34 ϩ cells) cellular protein͞sample were tested for immunoreactivity against an anti-huNQO1 mouse mAb (A180) as described (46) . A180 recognizes both recombinant protein generated from human cDNA containing the C-to-T substitution at position 609 as well as wild-type human protein.
PCR-Restriction Fragment Length Polymorphism (RFLP) Determination of NQO1 Genotype. The genotypes of bone marrow donors and the KG-1a cell line were obtained by PCR-RFLP analysis of genomic DNA according to the methods of Traver et al. (37) .
Statistics. Data were analyzed by one-way ANOVA and Dunnett's t test for comparison of multiple samples with a single control or F test for ANOVA followed by the t test for comparison of two samples with unequal variance.
RESULTS
Human Bone Marrow Mononuclear Cells Fail to Express NQO1 Protein. No NQO1 protein or activity was detected in freshly isolated human bone marrow mononuclear (C͞C, n ϭ 3; C͞T, n ϭ 3; T͞T, n ϭ 2) or progenitor (C͞C, n ϭ 2) cells from any of the donors regardless of genotype at position 609 of the NQO1 coding region.
Benzene Metabolites Induce NQO1 Protein and Activity in KG-1a Cells. KG-1a cells were found to be heterozygous for the C609T substitution by using PCR-restriction fragment length polymorphism analysis. NQO1 activity was less than 5 nmol͞min per mg in untreated KG-1a cells, and no NQO1 protein or message could be detected by immunoblot or Northern analysis, respectively. KG-1a cells treated with HQ or CAT showed induction of NQO1 activity and protein (Fig.  1) . NQO1 message also increased in KG-1a cells exposed to HQ (data not shown). Activities were significantly (P Յ 0.05) induced after 24-h treatment with either 10 M HQ (50.6 Ϯ 9.3 nmol͞min per mg), 100 M HQ (73.5 Ϯ 8.8 nmol͞min per mg), 10 M CAT (40.9 Ϯ 2.9 nmol͞min per mg), or 100 M CAT (45.7 Ϯ 7.5 nmol͞min per mg). The induction of NQO1 protein as measured by immunoblot analysis was consistent with NQO1 activity values for all samples.
HQ Induces Soluble Thiols in KG-1a Cells. KG-1a cells treated with 10 M HQ for 24 h contained 1.8-fold more soluble thiols than control cells. KG-1a cells treated with vehicle control (PBS) contained 44 Ϯ 13 nmol thiols͞mg protein whereas KG-1a cells exposed to HQ contained 79 Ϯ 14 nmol thiols͞mg protein (Fig. 2) .
Pretreatment with HQ Protects Against HQ-Induced Apoptosis in KG-1a Cells. Exposure to increasing concentrations of HQ for 12 h induced apoptosis in KG-1a cells (Fig. 3, F) . When both NQO1 and soluble thiols were induced by a 24-h pretreatment with 10 M HQ, significant reduction in the percentage of apoptotic cells induced by subsequent exposure to HQ was observed (Fig. 3, E) . No significant apoptosis was observed after pretreatment with 10 M HQ. The appearance of DNA large fragments, a biochemical indicator of apoptosis (47, 48) , was consistent with data obtained by using morphological criteria (Fig. 3B) . To rule out the possibility that HQ exposure resulted in a general protection against apoptosis, similar experiments were performed by using a diverse group of compounds that induced apoptosis in KG-1a cells. Exposure to HQ did not protect against apoptosis induced by subsequent 12-h treatment with MUC and slightly potentiated the apoptosis induced by subsequent 12-h treatments with either etoposide or staurosporine (Fig. 4) .
The Presence of the NQO1 Polymorphism Affects NQO1 Induction in Primary Human Bone Marrow Cells. In wildtype bone marrow mononuclear cells (C͞C), HQ induced NQO1 activity and protein. NQO1 activity was only marginally induced by culture conditions in the absence of treatment with any benzene metabolites (10.0 Ϯ 2.3 nmol͞min per mg). Induction of NQO1 activity in C͞C bone marrow was statistically significant (P Յ 0.05) after culture with 10 M HQ (48.0 Ϯ 9.8 nmol͞min per mg) or 100 M HQ (79.5 Ϯ 11.8 nmol͞min per mg) for 24 h (Fig. 5A) . No NQO1 activity was detected in cultured bone marrow cells from three healthy donors with the T͞T NQO1 genotype, either before or after culture with HQ (Fig. 5A) . Bone marrow cells from three healthy donors with the C͞T NQO1 genotype showed induction of NQO1 activity after culture with HQ intermediate (10 M HQ, 18.5 Ϯ 2.8 nmol͞min per mg; 100 M HQ, 25.6 Ϯ 4.2 nmol͞min per mg) to that observed in C͞C versus T͞T cells (Fig. 5A) . CAT also induced NQO1 activity in C͞C bone marrow, although to a slightly lesser degree than that induced by HQ (Fig. 6A) . significantly greater than that observed after 18-h culture with PBS ( Fig. 7) . Although culture conditions did induce NQO1, induction in HQ-treated cells was 3.5-fold greater than that observed in PBS-treated cells.
DISCUSSION
Evidence implicates metabolite-induced toxicity and͞or perturbation of the human hematopoietic progenitor compartment in benzene hematotoxicity (49) . KG-1a cells are human promyeloblastic leukemia cells that express phenotypic surface markers believed to identify hematopoietic progenitor cells (50, 51) and therefore were used as an in vitro model to investigate the effects of benzene metabolites in human bone marrow progenitor cells. Despite a C͞T genotype at position 609 of the coding region of NQO1, KG-1a cells fail to express appreciable levels of NQO1. We previously have shown that HQ and CAT induce apoptosis in human hematopoietic cells (21) , which was also the case in KG-1a cells. KG-1a cells pretreated with a noncytotoxic concentration of HQ, however, were protected from apoptosis induced by subsequent treatment with elevated concentrations of HQ. Exposure to HQ is likely to induce a number of protective mechanisms, probably via the antioxidant response element (31, (52) (53) (54) . Both NQO1 and GSH are thought to play a role in protection against HQ. Twerdok et al. (28) concluded that both GSH and NQO1 contributed to HQ detoxification in murine bone marrow stromal culture. KG-1a cells pretreated with HQ not only demonstrated higher NQO1 activity, but also contained almost twice the soluble thiols as control cells. This increase in soluble thiols is consistent with previous work documenting GSH depletion immediately preceding BQinduced apoptosis in KG-1a cells (55) and HQ-induced cytotoxicity in human hematopoietic cell lines (30) . Although increased soluble thiols would be expected to reduce the susceptibility of cells to oxidative damage and toxicity induced by thiol-reactive xenobiotics, GSH conjugates of BQ are pro-oxidants (56, 57), induce apoptosis in HL-60 cells (58), and are erythrotoxic in rats (59). Our observations that HQ exposure failed to protect against apoptosis induced by a topoisomerase II inhibitor (etoposide), a protein kinase C inhibitor (staurosporine), or an ␣, ␤-unsaturated aldehyde (trans, trans-MUC) suggest that HQ-mediated protection did not result from general inhibition of apoptotic processes. Of interest is the failure of the increased thiols to reduce the apoptosis induced by the thiol reactive agent, trans, trans-MUC (60) .
Several lines of evidence support a role for NQO1 in the detoxication of quinones including those derived from the benzene metabolites HQ, CAT, and 1,2,4-benzenetriol. When NQO1 was first characterized by Ernster et al. (61) , BQ, the quinone generated by the oxidation of HQ, was identified as one of the most efficient substrates for NQO1. Inhibition of NQO1 activity with dicoumarol, an inhibitor of NQO1, increased covalent binding of 14 C-HQ to acid insoluble macromolecules in murine fibroblastoid stromal cells (11) and potentiated HQ-induced cytotoxicity in rat and mouse bone marrow stroma (29) . Induction of NQO1 activity protected against HQ-induced cytotoxicity in murine bone marrow stromal cells (28) and BQ-induced cytotoxicity in human T lymphocytic Molt-4 cells (32) . Cells with constitutively low expression of NQO1 such as murine bone marrow stroma macrophages are more susceptible to benzene metaboliteinduced toxicity, whereas those with constitutively high expression of NQO1 such as bone marrow fibroblasts appear to be relatively resistant to direct toxicity induced by metabolites of benzene (7, 26, 27) . Finally, in a recent case control study of benzene-exposed workers in China, individuals with T͞T at position 609 in the coding region of NQO1 were at 2.6-fold increased risk of developing benzene-induced hematotoxicity (41) . The relative risk of developing benzene-induced hematotoxicity was even greater (7.8-fold) for individuals with both a phenotype indicative of rapid P450 2E1 metabolism and a T͞T NQO1 genotype.
The increased susceptibility to benzene-induced hematotoxicity associated with a T͞T NQO1 genotype is difficult to reconcile with the lack of NQO1 activity in human bone marrow. The ability of benzene metabolites to induce NQO1 in murine embryonic fibroblasts and hepatoma cells has been demonstrated (32, 35, 36) , and HQ, CAT, and BQ induced gene expression from a reporter plasmid containing a portion of the human NQO1 promoter (31) . We therefore hypothesized that the mechanism underlying the increased susceptibility of individuals with the T͞T genotype to benzene toxicity was the result of a failure to induce NQO1. No NQO1 protein or activity could be detected in fresh bone marrow aspirate or freshly isolated bone marrow progenitor cells, regardless of NQO1 genotype. After exposure to low concentrations of HQ or CAT, however, NQO1 activity and protein were induced in bone marrow cells with either the C͞C or C͞T NQO1 genotype. Exposure to HQ also resulted in the induction of NQO1 activity and protein in human bone marrow progenitor cells with a C͞C NQO1 genotype. Induction of NQO1 by HQ treatment was not observed, however, in bone marrow cells with the T͞T NQO1 genotype. The lack of detectable NQO1 induction in T͞T bone marrow cells agrees with previous observations that cell lines with a T͞T genotype at position 609 in the coding region of NQO1 fail to express detectable NQO1 activity or protein (37, 39, 40) .
Although evidence suggests that phenolic metabolites of benzene are capable of directly activating the human NQO1 promoter (31), it is also possible that the increased NQO1 observed in our systems was not a result of direct induction. As bone marrow mononuclear cells remain in culture, components of the aspirate differentiate to form a monolayer resembling bone marrow stroma. Coincident with this differentiation and over the course of several weeks NQO1 expression also increases (25, 46) . In the present studies, however, the relatively brief incubation time (24 h ) and the fact that no attached cells were collected for analysis argues that the NQO1 induced by HQ did not result from stimulation of stromal differentiation. HQ also induced NQO1 in CD34 ϩ cells after only 18 h. Although CD34 ϩ cells do differentiate in culture, differentiation into populations distinguishable from primary cells by flow cytometric detection of surface markers is just beginning after 3 days (62). Li et al. (30) observed increased NQO1 in myeloid leukemia cells induced to differentiate. KG-1a cells, however, do not differentiate in response to compounds that stimulate differentiation in other myeloid leukemia cell lines (63, 64) . Indeed, KG-1a cells exposed to HQ did not show any change in CD34 expression (data not shown), loss of which occurs concomitant with differentiation (65) . The high background of NQO1 induced in our experimental systems may have resulted from transcriptional activation via the antioxidant response element͞TPA (12-O-tetradecanoylphorbol-13-acetate) response element by components of serum and͞or stressors to which cells may have been exposed during isolation procedures (66, 67) . For example, the DNA binding activities of Fos and Jun family members are regulated by oxidative changes (68, 69) and transcription of c-fos is activated when cells are exposed to serum via a serum response element in its promoter (70) .
In summary, although hematopoietic protective mechanisms against the toxicity of benzene metabolites are undoubtedly multifactorial, our data provide a potential explanation for the increased susceptibility of individuals lacking NQO1 to the hematotoxicity of benzene. Our data demonstrate that NQO1 induction occurs after exposure to benzene metabolites in KG-1a cells, bone marrow cells, and bone marrow progenitor cells carrying a C͞C or C͞T NQO1 genotype, but that induction of NQO1 is not observed in bone marrow cells with a T͞T genotype. These data suggest that NQO1 is induced in human bone marrow after exposure to benzene metabolites where it contributes to protection against HQ-induced apoptosis. These results also suggest that the increased risk of benzene hematotoxicity in individuals with the T͞T NQO1 genotype may result from a failure to induce functional NQO1 enzyme.
